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a b s t r a c t
Experimental efforts to reveal the nature andorigin of cosmic rayswith energy above 1018 eV led to several
important steps forward in recent years. The existence of a suppression of the flux above 4 × 1019 eV
has been confirmed. It occurs at the energy threshold for pion-production in proton collisions with the
cosmic microwave background, as anticipated almost fifty years ago. The flux measurements alone are
however insufficient to confidently establish whether the suppression is due to energy loss effects along
propagation over cosmological distances, or else because the sources reach their maximum acceleration
power. There are indications obtained with the Pierre Auger Observatory of a trend from a light towards a
heavier composition as the energy increases. There is some tension between these indications and those
from the HiRes and Telescope Array experiments, which are compatible with a pure proton composition.
This is amost important issue to be settled in the near future. At present there is no statistically significant
evidence for anisotropy in the distribution of arrival directions at the highest energies that could favor one
specific astrophysical scenario for cosmic ray origin over another. There are hints for a large scale pattern
in the distribution of arrival directions that need to be confirmed with independent data. In this paper
we summarize recent measurements of the energy spectrum of cosmic rays with the highest energies,
the evidence for their composition, and the searches for anisotropies in the distribution of their arrival
directions.
© 2014 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).C1. Introduction
Cosmic rays (CRs) reach energies larger than those accessible
in human-made accelerators, albeit at a rather small rate: about
one particle arrives at the Earth’s atmosphere per km2 per century
with energy around or above 6× 1019 eV. Experimental efforts to
improve accuracy and exposure to such a small flux aim to solve the
puzzle that the nature and origin of particles with such extreme
energies represent. These efforts led to several important steps
forward in recent years. A suppression of the flux above 4×1019 eV,
as compared to an extrapolation from lower energies, is now
confirmed [1–3]. Relevant upper bounds have been established
on the presence of photons [4,5], neutrinos [6,7] and neutrons [8]
among the ultra-high energy cosmic rays. There are indications
obtained with the Pierre Auger Observatory of a trend from a light
towards a heavier composition as the energy of the CRs increases
above approximately 3× 1018 eV [9,10].
The suppression of the flux observed above 4× 1019 eV is com-
patible with an energy-loss propagation effect over cosmological
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rent data are insufficient to determine if energy losses are its only
cause. Scenarios such that protons and nuclei with charge Z can no
longer be accelerated at their astrophysical sources above energies
of the order of a few times Z × 1018 eV could also explain current
observations.
The possibility that the CRs become increasingly heavy at higher
energies is a most pressing issue that needs to be made more
precise through further measurements. The existence of a light
component of CRs with energy around and above 4 × 1019 eV
is crucial if their arrival directions are to tell us about their
place of origin. The lack of significant clustering in the arrival
directions at the highest energies [13] may be another indication
that the dominant composition is relatively heavy. On the other
hand, measurements performed with the High Resolution Fly’s
Eye (HiRes) [14] and the Telescope Array (TA) [15] do not
show a trend similar to that observed in data from the Pierre
Auger Observatory, and are compatible (albeit with a relatively
smaller statistics) with a pure proton composition. Note that the
composition of the CR primaries is derived fromobservations using
extrapolations of particle physics properties to energies larger
than those experimentally tested at human-made accelerators.
A changing proton–air cross section would change the derived
composition.
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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the puzzle posed by ultra-high energy cosmic rays (UHECRs),
and then describe ongoing efforts to advance our understanding
of their nature and origin. In particular we will discuss recent
measurements by the Pierre Auger Observatory and the Telescope
Array, the two largest instruments that record UHECRs, both
currently in operation. For recent detailed reviews on UHECRs we
refer for instance to [16–18].
2. Three pieces of a puzzle
Three major pieces need to be put together to trace back the
origin of UHECRs: the amount of energy losses during propagation,
the size of deflections imprinted by intervening magnetic fields,
and ultimately the identification of the mechanisms and sites of
acceleration. We very briefly address them in this section.
2.1. GZK effect
Fifty years ago, evidence was reported for a primary cosmic ray
with energy around 1020 eV, obtained with the MIT Volcano Ranch
array [19]. One year later the cosmicmicrowave background (CMB)
was serendipitously discovered [20]. Soon afterwards, Greisen [11]
and independently Zatsepin andKuz’min [12] realized that protons
with energy around and above 6 × 1019 eV can produce pions
in their collisions with the CMB photons. They estimated the
timescale for energy loss to be several hundred times smaller than
the expansion time of the Universe, and concluded that if the
sources are cosmologically distributed, there should be a strong
flux suppression above the pion-production energy threshold. A
similar suppression would also occur if the cosmic rays were
heavier nuclei instead of protons, due to photodisintegration.
The flux suppression caused by the ‘‘GZK effect’’ can be
understood in terms of an effective ‘‘horizon’’ within which a
source can contribute significantly to the flux measured at Earth
above a given energy threshold. For instance, approximately 90%
of the flux of protons that arrive at Earth with E > 6 × 1019 eV
should come from distances smaller than 200 Mpc (assuming
sources distributed uniformly across the Universe and an almost
straight line propagation, otherwise the constraint is on the travel
time rather than on the rectilinear distance to the sources). The
horizon decreases for higher energy thresholds. The flux at the
highest energies should be strongly suppressed (compared to its
extrapolation from lower energies) as the effective volume within
which sources can contribute shrinks. The ‘‘GZK horizon’’ is of
comparable size for protons and iron nuclei, and is smaller for
intermediate-mass nuclei. It is illustrated in the top-left panel of
Fig. 1.
The reduction of the CR rate above the GZK energy threshold
increases the challenge for the identification of the sources of
the most energetic particles. On the other hand, the GZK effect
provides a potential handle to find them. The distribution of
extragalactic matter within the GZK horizon is inhomogeneous.
Comparison of the arrival directions of CRs with the celestial
positions of different populations of relatively nearby astronomical
objects may help identifying their origin, at least if the deflections
of the trajectories across intervening magnetic fields are not too
large or uncertain.
2.2. Composition and magnetic lensing
The identification of the sources of UHECRs is complicated
because the trajectories of protons and heavier nuclei are deflected
by intervening magnetic fields, both in the galaxy as well as in
the intergalactic space. A cosmic ray with charge Ze that travels




 D0 dxkpc × B3µG  . The top-right panel in Fig. 1 displays
examples of CR trajectories in a conventionalmodel for the galactic
magnetic field. Protons with energies around 6 × 1019 eV are
expected to deviate by no more than a few degrees from a straight
propagation in most parts of the sky. Instead iron nuclei (Z = 26)
with the same energywill not preserve a correlation between their
arrival directions and the position of their sources. The existence of
a light component in the CR flux at the highest energies is crucial
for astronomy with charged particles to be feasible.
2.3. Candidate sources
The magnetic field of the Milky Way is most likely unable to
confine CRs with energy above Z × 1018 eV. No significant excess
of CRs from the directions to the galactic plane is observed at these
energies. Acceleration at extragalactic astrophysical sites is thus
a plausible origin for the highest energies observed in CRs. This
speculation requires confirmation, and can still be challenged by
models based on a galactic origin.
The requisite that candidate sources be able to confine particles
up to a maximum energy Emax translates into a condition on
the magnetic field strength B and extension R of astrophysical
accelerators [21]: Emax = Z × 1018 eV B1µG R1kpc . This criterion is
a necessary condition, but not a sufficient one. The bottom panel
in Fig. 1 reproduces the ‘‘Hillas plot’’, that classifies potential
astrophysical accelerators in terms of their characteristic values
for B and R. The best candidate sources for UHECR acceleration are
considered to be neutron stars, active galactic nuclei, and gamma
ray bursts [16].
3. The Pierre Auger observatory and the telescope array
Measurements of extensive air showers (EAS) produced by
CRs with energies above 1019 eV have been performed since the
1960’s at Volcano Ranch [19], Haverah Park [24], SydneyUniversity
Giant Air Shower Recorder (SUGAR) [25], Yakutsk [26], Akeno
Giant Air Shower Array (AGASA) [27], Fly’s Eye [28], HiRes [1],
Auger [2] and TA [3]. In this section we briefly summarize
and compare properties of the two largest experiments, both
currently in operation, the Pierre Auger Observatory and the
Telescope Array. Both instruments operate in a hybrid approach,
able to sample EAS at ground level with an array of surface
detectors (SD), as well as measuring their development in the
atmosphere through fluorescence detectors (FD). The SD, with
nearly 100% duty cycle, provide the ‘‘statistical power’’ of the
experiments. The FD, restricted to a smaller duty cycle of order
13%, provide a complementary view. Hybrid operation improves
the precision of energy and angular calibration, and allows cross-
checks and redundancy in the measurement of the parameters of
the EAS. An extensive monitoring program is implemented in each
experiment to correct themeasurements for the effects introduced
by atmospheric fluctuations.
The Pierre Auger Observatory is located in the Province of
Mendoza, Argentina, at 35.3° S, 69.3°W,1400mabove sea level. Its
construction and operation is a collaborative effort of institutions
from Argentina, Australia, Brazil, Croatia, Czech Republic, France,
Germany, Italy, Mexico, Netherlands, Poland, Portugal, Slovenia,
Spain, United Kingdom, USA, as well as Bolivia, Romania and
Vietnam as associated countries. Its SD array [29] consists of 1660
water-Cherenkov stations laid out over 3000 km2 on a triangular
grid of 1.5 km spacing and a smaller (25 km2) denser array of
0.75 km spacing. Each station is filled with 12 m3 of high purity
water, viewed by three photomultipliers. The SD array has been
in operation since 1 January 2004, increasing its size from 154













Fig. 1. Three pieces of the UHECR puzzle. Top left: the GZK effect is illustrated through the fraction of CRs that arrive at Earth with energy above 6× 1019 eV from sources
that are farther away than a distance D (adapted from [22]). The calculation assumes a uniform distribution of sources with equal intrinsic luminosity, that inject protons,
silicon and iron, respectively. The inhomogeneous distribution of extragalactic matter within the GZK horizon could induce anisotropies in the arrival directions of UHECRs
that may help to identify their sources. Top right: Trajectories of protons with energy 6× 1019 eV (red) and of iron nuclei (blue) with the same energy and arrival direction
at Earth, in a conventional model of the Galactic magnetic field (adapted from [23]). Dashed lines represent the spiral arms. The existence of a light component in the CR flux
at the highest energies is crucial for astronomy with charged particles to be feasible. Bottom: Hillas plot, that characterizes potential astrophysical accelerators in terms of
their values of magnetic field and size (reproduced from [16]). Only objects above the blue (red) line can accelerate protons (iron nuclei) above 1020 eV. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)detectors up to 1600 by June 2008. It has by now accumulated an
exposure larger than 40,000 km2 sr yr. The FD [30] consists of four
telescope systems that overlook the SD array from its periphery.
Each station has six electronic optical telescopes, that overlook a
field of view of 30° azimuth and 28.6° elevation. Three additional
high-elevation telescopes (HEAT) together with the denser array
allow to extend the hybrid measurements down to 1017 eV. In
addition, muon detectors are being installed in the denser array
(AMIGA), and there is an extensive program for radio detection
of air-showers (AERA) as well as research and development for
measurements in the microwave range.
The Telescope Array is a hybrid detector located in the western
desert of Utah, USA, about 100 km south of the HiRes site, at
39.3° N, 112.9° W, 1400 m above sea level. The TA collaboration
involves institutions from Belgium, Korea, Japan, Russia and USA.
Its SD array [31] is composed of 507 3 m2 plastic scintillators with
1.2 km spacing, laid out over 700 km2. The FD [32] consists of three
stationswith a total of 38 telescopes overlooking the SD array. Two
of the FD stations contain 12 newly developed telescopes each, the
other contains 14 telescopes transferred from HiRes-1. The field of
view of each telescope is 18° in azimuth and 15.6° in elevation.
The total FOV of each station is 108°×30°. TA has been taking data
with all detectors since May 2008. It accumulated until May 2012an exposure of 4500 km2 sr yr. The TA LowEnergy extension (TALE)
project will add a set of detectors, both to the SD as well as to the
FD, thatwill lower the energy threshold of the experiment to about
1017 eV. For more details see also [33].
The primary energy of the CR is estimated from measurements
with the SD (both in Auger and TA) through the signal at a
fixed distance from the reconstructed shower core, determined
through a fit to the lateral distribution of particles at ground. Both
observatories take advantage of hybrid measurements to calibrate
the energy reconstructed with the SD through the calorimetric
fluorescence measurements, that are largely independent on the
composition of the CR primary and on hadronic shower modeling.
Note that the SD stations in Auger are water-Cherenkov stations
in which the main part of the signal is due to muons, and have
good acceptance to inclined showers. In TA the SD stations are
thin scintillators, and the main part of their signal is due to
electromagnetic particles, with low sensitivity to muons. The
energy derived through simulations in the TA surface detectors is
found to be a factor 1.27 larger than the energy measured with the
FD, independently of the zenith angle of the events. In the case of
Auger the atmospheric attenuation is derived from data, assuming
approximate isotropy of the incoming flux, and shows a zenith
angle-dependent discrepancy with the simulations, that can be




















Fig. 2. Left: TA measurement of the flux (rescaled by E3) of CRs at the highest energies and fits to models based on extragalactic protons, assuming a uniform source
distribution (pink line) or a distribution following the large-scale structure (blue line). The spectral index is α = 2.36 and α = 2.39 and the source evolution factor is
m = 4.5 and m = 4.4 respectively (source luminosity is assumed to scale with redshift z as (1 + z)m) [37]. Right: Auger measurement of the flux (rescaled by E3) and
comparison to models based on pure proton, with α = 2.35 and m = 5 (red) or pure iron, with α = 2.3 and m = 0 (blue) extragalactic sources, with maximum injection
energy around 1020.5 eV (solid lines) and 1020 eV (dotted lines) [36]. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)attributed to a muon deficit in the model predictions. Simulations
that match the FD profile have too low SD signal compared to data,
and the discrepancy grows with zenith angle, as does the muon
component [34,35]. These findings constitute a rich link between
measurements of UHECRs and modeling of hadronic interactions.
4. Measurements of the spectrum
Recent measurements by Auger [36] and TA [37] of the flux of
CRs at the highest energies are shown in Fig. 2 and compared to
some simple astrophysical scenarios. They do not confirm earlier
evidence from the AGASA experiment for a continuation of the
spectrum of CRs beyond the GZK energy threshold [27]. The
existence of the suppression, first observed with HiRes [1], is now
established with a significance larger than 20σ [36]. The flux at
4 × 1019 eV is half of what would be expected with a power-law
extrapolation from smaller energies.
While the suppression observed is compatible with the GZK
expectation, its physical origin needs additional independent
confirmation. The spectral steepening depends upon the CR
composition, the nature and distribution of the sources, the
range of maximum energy to which they can accelerate CRs, the
sources spectral index and evolution, and the amount of diffusion
across intervening magnetic fields. Current data are insufficient
to conclude whether the flux is suppressed due to an energy-
loss propagation effect only, or else (at least partly) because
astrophysical accelerators reach theirmaximumpower at energies
comparable to the GZK threshold. Measurements of the spectral
shape alone may be insufficient to reach a verdict.
The spectra also clearly exhibit the feature knownas the ‘‘ankle’’
at energies around 5 × 1018 eV. The spectral index changes from
around 3.2 at energies below the ankle to 2.6 above. Whether or
not this feature is a signature of the change from a galactic to an
extragalactic origin is still a part of the puzzle posed by UHECRs.
The recent measurement with Kascade-Grande of an ‘‘ankle’’
feature in the electron-rich (light) component at 1017.1 eV [38]
is an interesting step forward towards determining if there is a
rigidity-dependence in this spectral change, similar to what has
been measured for the knee-feature at lower energies.
The spectra measured with HiRes, Auger and TA are consistent
in normalization and shape within their systematic and statisticaluncertainties [39]. Recently, more precise measurements of the
fluorescence yield and improved reconstruction has reduced the
systematic uncertainty in the energy scale of Auger to 14%,
and moved it upwards by 10%–15% [40], further reducing the
differences between experiments.
Compatible as they are, the spectra measured by Auger and
TA are open to alternative interpretations. The TA collaboration
[3,37] concludes that the spectrum is compatible with the GZK
expectation for a uniform distribution of extragalactic sources that
accelerate protons to energieswell above theGZK threshold. In this
scenario the ankle can be interpreted as a propagation feature, a
‘‘dip’’ due to pair-production against the CMB [41–44], and would
not be a signature of a transition from galactic to extragalactic
dominance. This same scenario does not provide a satisfactory fit
to the spectrum measured by Auger, unless there is a cut-off in
the injection energy around 1020 eV [36]. Reasonably good fits to
the end of the spectrum with iron primaries are also possible. The
‘‘dip’’ however is a feature expected for protons only. Good fits to
Auger measurements are also possible with a mixed composition.
For instance, in scenarios with sufficient magnetic turbulence, a
transition to a heavier composition above 3 × 1018 eV with a
relatively narrow range of mass values at a given energy would
naturally result if protons and nuclei can no longer be accelerated
above energies of the order of a few times Z × 1018 eV [45–48].
5. Evidence for composition
The atmospheric depth at which the longitudinal development
of an EAS reaches its maximum, Xmax, is correlated with the mass
of the primary CR. Proton showers penetrate deeper into the
atmosphere, have larger values of Xmax and wider distributions
than heavy nuclei. The measurement of Xmax in hybrid events
(those observed by the FD with at least one coincident SD station)
is used to estimate the composition of UHECRs.
Fig. 3 shows (in the top panels) the average depth of shower
maximum ⟨Xmax⟩ (left), and its fluctuations σ(Xmax) (right), as
measured with the Auger Observatory [9,10]. The change of ⟨Xmax⟩
per decade of energy is called the elongation rate, and it is
sensitive to changes in composition with energy. The magnitude
of the shower-to-shower fluctuations of the depth of maximum is
expected to decrease with the number of primary nucleons and to
increase with the interaction length of the primary particle.
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Fig. 3. Top: measurements performed with the Pierre Auger Observatory [9,10] of ⟨Xmax⟩ (left) and σ(Xmax) (right) as a function of energy, and comparison to predictions
from simulations of showers initiated by protons or iron nuclei using different hadronic interactionmodels. Assuming that the hadronic interaction properties do not change
much within the observed energy range, they indicate a trend from a light towards a heavier composition as the energy increases above approximately 3× 1018 eV, with a
relatively narrow range of mass values at a given energy. Bottom: Measurements with hybrid data from TA [15] of ⟨Xmax⟩ as a function of energy. The dots denote the value
of individual events, and squares show the average in the energy bins. Also shown are predictions from simulations of showers initiated by protons or iron nuclei. Results
are compatible with a proton dominated composition at all energies. Within its current statistics a mixed composition, as such indicated by Auger measurements, cannot
be ruled out.A constant elongation rate does not fit the values of ⟨Xmax⟩mea-
sured by Auger. The fluctuations of Xmax decrease as the energy
increases. Assuming that the hadronic interaction properties do
not change much from current estimates within the observed en-
ergy range, Auger measurements of ⟨Xmax⟩, consistent with inde-
pendent estimators based on data from its ground array, indicate a
trend from a light towards a heavier composition as the energy in-
creases above approximately 3× 1018 eV, with a relatively narrow
range of mass values at a given energy (for more details see [49]).
Note that the composition is derived using simulations based on
hadronic interaction models that extrapolate cross-sections, in-
elasticities and multiplicities to energies larger than those acces-
sible at human-made accelerators. Recent measurements with the
Large Hadron Collider (LHC) have been of great value to further
tune the hadronic interaction models used in simulations. There is
however room for alternative conclusions about the CR composi-
tion in terms of changing hadronic interactions. CR data can in fact
provide important information about particle physics at energies
higher than those accessible at LHC [35], as illustrated with the in-
direct determination of the proton–proton inelastic cross section
at center of mass energies of 57 TeV extracted from EAS measure-
ments with Auger [50]. It is conceivable that there could be new
particle physics leading to an unexpected change in the hadronic
interactions at higher energies [51,52].
Measurements with TA using hybrid data [15] of the depth of
shower maximum are compatible with a pure proton composition
at all energies, as can be seen in the bottom panel in Fig. 3.Similar results are obtained by TA with FD stereo measurements,
and are consistent with those obtained earlier with HiRes [14].
The Auger and TA collaborations have jointly investigated the
different results obtained [53,54]. This is a non-trivial task since
each experiment makes a different analysis. TA (as well as HiRes)
models through simulations its acceptance bias for measurements
of Xmax. Auger introduces fiducial volume cuts, which eliminate
the acceptance bias, at the cost of reducing the size of the data
sample. The conclusion is that current data in the Northern
Hemisphere is consistent with a constant light composition, but
cannot definitively exclude a changing composition as suggested
by Auger measurements. Simulations indicate that TA could
distinguish, with larger statistics, a pure proton composition from
the mixture that fits Auger measurements. Even though there is
no strong incompatibility within current statistics, it will be highly
enlightening when this apparent discrepancy is solved in the near
future, both through improved analyses as well as with further
additional data from both experiments.
6. Searches for anisotropy
The GZK effect may help to identify the origin of UHECRs.
The distribution of extragalactic matter within the GZK horizon
is inhomogeneous, and this inhomogeneity may induce an
anisotropy in the distribution of the arrival directions. UHECRs
with nearby extragalactic origin should be more correlated with
28 D. Harari / Physics of the Dark Universe 4 (2014) 23–30Fig. 4. Left: Skymap with the arrival directions of 69 Auger events [58] with energy above 5.5 × 1019 eV (filled circles) and with the expected CR density, smoothed over
an angular scale of 5°, derived from a model based on the AGNs in the 58-months Swift-BAT catalog, weighted by their X-ray flux and by the GZK attenuation factor for an
energy threshold of 6×1019 eV, and by the relative exposure of the observatory. Right: skymapwith the arrival directions of 42 TA events [63] with energy above 5.7×1019
(white dots) and the flux distribution expected in amodel based on 2MRS galaxies with smearing angle of 6°. Maps are in galactic coordinates (but note different conventions
for the galactic center, at the center in the Auger plot, at the right in the TA plot).the matter distribution than an isotropic flux if the deflections of
the trajectories across interveningmagnetic fields are not too large.
Using data collected through 31 August 2007 the Pierre Auger
collaboration reported evidence for anisotropy in the distribution
of the arrival directions of UHECRs [55,56]. The arrival directions
of CRs with energy above≈5.5× 1019 eV were found to correlate
more than expected for an isotropic flux for angular separations
smaller than 3.1° with the positions of AGNs within 75 Mpc from
the catalog by Véron-Cetty and Véron (VCV) [57]. A test with
independent data established a confidence level of 99% for the
rejection of the isotropic hypothesis. The region of the sky close
to the location of the radiogalaxy Cen A gave the largest observed
excess [58]. Updates of these analyses [59] did not increase the
evidence for anisotropy. The pattern of arrival directionsmeasured
by Auger was also compared with the directions towards AGNs
detected by the Swift Burst Alert Telescope (BAT) [60] and towards
galaxies in the 2MASS redshift survey (2MRS) [61]. There is no
statistically significant evidence that would favor one specific
astrophysical scenario over another. As an illustration, in Fig. 4
(left panel) we show a map of expected CR density, smoothed
over an angular scale of 5°, for a model of CR origin based on
AGNs in the 58-months Swift-BAT catalog, weighted by their X-
ray flux and by the GZK attenuation factor for an energy threshold
of 6 × 1019 eV, and by the relative exposure of the Pierre Auger
Observatory. Also shown as filled circles are 69 events with energy
above 5.5× 1019 eV measured with Auger [58].
Arrival directions of the events with highest energies measured
by TA were found to deviate from isotropy in a number of
tests, including an analysis of their global distribution, of their
autocorrelation function, and of their correlation with the VCV and
other catalogs of nearby extragalactic objects [62]. The smallest
chance probability, of order 1% accounting for the scan in energy,
angular separation and redshift, was foundwith the Swift-BAT (58-
month) AGN catalog. Inspection of the event distribution suggests
that the deviations from isotropy hinted at by this and the other
tests may result mostly from a concentration of events in a 20°
region not far from the supergalactic plane. As an illustration,
in Fig. 4 (right panel) we show the expected density map for
TA, smoothed over an angular scale of 6°, derived from a model
for the nearby large scale structure distribution based on the
2MRS catalog of infrared galaxies. Also shown are the arrival
directions of events with energy above 5.7 × 1019 eV measured
by TA. The data are more compatible with the model based on the
large scale structure matter distribution than with the isotropic
expectation formost values of the smearing angle. The significance
of current observations is however not sufficient to exclude a
statistical fluctuation as the cause for these potential deviations
from isotropy [63].
The arrival directions of UHECRs were also scrutinized in
different energy ranges in search for potential large scale patterns.Of particular interest is the search for a signature of the escape
of galactic cosmic rays, since diffusion and drift motions could
imprint dipolar anisotropies at the level of a few percent in the
energy range around 1018 eV. If instead UHECRs at these energies
were predominantly of extragalactic origin their arrival directions
would be expected to be highly isotropic. Extragalactic CRs may
show a small dipole pattern due to our motion with respect
to the frame in which they are isotropic. This is known as the
Compton–Getting effect, and has been observed at lower energies,
but is expected to be below the 1% level. A dipole pattern may also
be expected at higher energies around and above 1019 eV due to
the inhomogeneous distribution of nearby galaxies.
A powerful tool for the search of large scale patterns is the
harmonic analysis in right ascension, that benefits from the almost
uniform exposure of any observatory operating with full duty-
cycle due to the Earth rotation. Subtle detector effects must be
under control to perform searches for large scale anisotropies
at the percent level, such as the time-dependence of the array
exposure, zenithal dependence of the detection efficiency, and
atmospheric and geomagnetic effects on energy assignment
[64–66].
Auger results of a first-harmonic analysis in right ascension
as a function of energy [64,67] are shown in Fig. 5. The left
panel displays the phase and the right panel the amplitude that
best fit the data. The phase hints to a constant value at ≈270°
(consistent with the right ascension of the galactic center) at
energies below 1018 eV, and a transition to another constant
value ≈90° at energies above 4 × 1018 eV. Similar studies of
the phase with TA data [68], albeit with smaller statistics, are
consistent with this hint. The results for the amplitude shown
in the right panel of Fig. 5 are expressed in terms of the
equatorial projection of a dipole anisotropy, d⊥ ≈ r/⟨cos δ⟩,
where r is the first-harmonic amplitude and ⟨cos δ⟩ is an average
over the declinations δ of the CR arrival directions. It allows a
direct comparison of the first-harmonic amplitudes measured by
observatories located at different latitudes that cover a different
range of declinations. Within the systematic uncertainties there
is no statistically significant deviation from isotropy, but it is
interesting to note that the probability for such equatorial dipole
amplitudes to occur by chance in an isotropic flux is below 1% in
the energy bins 1018 eV < E < 2 × 1018 eV, 2 × 1018 eV < E <
4 × 1018 eV, and E > 8 × 1018 eV. This interesting hint for large
scale anisotropywill be further scrutinizedwith independent data.
A search was also performed by the Pierre Auger Collaboration
for a dipole pattern as a function of both declination and
right ascension in the distribution of arrival directions of CRs
with energy above 1018 eV [65,66,69]. Upper bounds on dipolar
anisotropies at 99% CL were established, that are stringent enough
to exclude models in which the light component of cosmic rays
comes from stationary isotropic sources uniformly distributed in
D. Harari / Physics of the Dark Universe 4 (2014) 23–30 29Fig. 5. Phase (left) and amplitude (right) as a function of energy, derived with a first-harmonic analysis in right-ascension of data from the Pierre Auger Observatory
[64,67]. Circles correspond to a Rayleigh analysis and triangles to an East–West differential method, in both cases using data from the SDmain array with 1.5 km separation.
Squares correspond to an East–West analysis of data from the smaller array with 0.75 km separation. The amplitude is expressed in terms of the equatorial projection of a
dipole amplitude. The dashed lines indicate the 99% CL upper value for the amplitude that could result by chance in an isotropic flux.the Galactic disk. The data hint, with small statistical significance,
to the existence of a dipole pattern consistent with the results
from the first-harmonic analysis. It will be important to further
scrutinize these hints with independent data. In this respect, we
note that a full-sky analysis combining data recorded by Auger and
TA is under way [70].
7. Summary and conclusions
Experimental efforts to unravel the nature and origin of
UHECRs led to several important steps forward in recent years.
The existence of a suppression of the UHECR flux has been
confirmed [1–3], and it occurs at the energy threshold anticipated
almost fifty years ago by Greisen [11] and independently by
Zatsepin and Kuz’min [12]. The spectral features measured are
insufficient to confidently establish that the suppression is due to
the GZK effect. It could also be the case that the suppression is
not predominantly caused by energy losses during propagation, if
the sources reach their maximum acceleration power at energies
comparable to or just below the GZK threshold. This coincidence
may seem unlikely, but in fact energies around Z × 1020 eV are at
the imaginable limits of astrophysical accelerators.
Upper bounds have been established on the presence of
photons [4,5], neutrinos [6,7] and neutrons [8] among the UHECRs.
Bounds on the photon flux place severe constraints on several
exotic models of sources of UHECRs, such as topological defects
and super-heavy dark matter. The bounds are approaching the
expectations for their production as a side-effect of energy losses
during the propagation of UHECRs [71]. Similarly, a cosmogenic
neutrino flux is expected as a secondary propagation effect
[72,73,41,74]. It is predicted to be larger for protons than for heavy
nuclei [75]. Current bounds are close to the flux expected in some
models. The upper limits derived for the neutron flux [8] place
constraints on scenarios for the production of ultra-high energy
cosmic rays in the Galaxy.
There are indications obtained with the Pierre Auger Obser-
vatory of a trend from a light towards a heavier composition as
the energy of the CRs increases above approximately 3× 1018 eV,
with a relatively narrow range of mass values at a given energy
[9,10]. Auger flux measurements are compatible with scenarios
such that the sources accelerate a mixed composition up to a max-
imum rigidity either above or below the GZK threshold. It is also
possible that the sources inject a single mass component, and thatthe lighter elements arise as a result of photodisintegration dur-
ing propagation. There is some tension between these indications
from Auger data and those from HiRes [14] and TA [15], which are
compatible with a pure proton composition. The Auger and TA col-
laborations have jointly investigated the different results obtained
[53,54]. Even though there is no strong incompatibility within cur-
rent statistics, this is a most important issue to be settled in the
near future, both through improved analyses as well as with fur-
ther additional data. It is crucial to determine if there is a light com-
ponent at the highest energies, since its existence would allow to
do astronomy with charged particles. It is possible that a full un-
derstanding of theUHECR composition be tied to unexpected prop-
erties of hadronic interaction physics at energy scales beyond the
reach of laboratory experiments. This possibility constitutes an in-
teresting and potentially rich cross-link between CR and particle
physics.
At present there is no statistically significant evidence for
anisotropy in the distribution of arrival directions at the highest
energies that could point to the place of origin of UHECRs. There
are hints for a dipole pattern in the distribution of arrival directions
at energies around 1018 eV, and also at higher energies. Upper
bounds on dipolar anisotropies at 99% CLwere established, that are
stringent enough to severely constrain models of galactic origin. It
will be important to further scrutinize these hints for a large scale
pattern in the distribution of arrival directions with independent
data.
Additional composition and anisotropy information, as well as
evidence for cosmogenic neutrinos and photons, may be expected
from futuremeasurements, thatwill advance our understanding of
the astrophysical mechanisms and sites that accelerate UHECRs.
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